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The behavior  of unsteady aerodynamic loadings  on a i r f o i l s  o s c i l l a t i n g  i n  
t r anson ic  flow has been inves t iga t ed  numerical ly  wi th  p a r t i c u l a r  a t t e n t i o n  g iven  
t o  s u p e r c r i t i c a l  a i r f o i l  s e c t i o n s .  A previous ly  developed f i n i t e  d i f f e r e n c e  
method, which is based on the  f u l l  p o t e n t i a l  equat ion  and which uses  a quas i -  
conserva t ive  scheme f o r  proper  cap tu re  of shock wave motion, was employed f o r  
the  p resen t  s tudy .  The unsteady aerodynamic p res su re  and load d i s t r i b u t i o n s  on 
s e v e r a l  d i f f e r e n t  a i r f o i l  s e c t i o n s  are presented  w i t h  p a r t i c u l a r  emphasis on 
the  effects  o f  free-stream Mach number, reduced frequency,  and mean angle  o f  
at tack. These parameters  are demonstrated t o  have a s i g n i f i c a n t  effect  on the 
behavior  o f  t h e  unsteady aerodynamic loadings .  Comparisons of  t h e  p re sen t  cal-  
c u l a t i o n s  w i t h  t h e  exac t  i n v i s c i d  s o l u t i o n  and wi th  the  experimental  r e s u l t s  
’ are a l s o  presented .  
INTRODUCTION 
Recent development o f  s u p e r c r i t i c a l  a i r f o i l  s e c t i o n s  has  l e d  t o  improve- 
ments i n  aerodynamic e f f i c i e n c y  a t  high subsonic  speeds .  This s i t u a t i o n  has  
s t imula ted  cons ide rab le  i n t e r e s t  i n  unsteady aerodynamics o f  s u p e r c r i t i c a l  air-  
f o i l  s e c t i o n s  ( r e f s .  1 and 2 ) .  This  i n t e r e s t  w a s  r e in fo rced  when wind-tunnel 
tes ts  ( r e f .  3 )  showed t h a t  a s u p e r c r i t i c a l  wing exper iences  a more pronounced 
d i p  of  the f l u t t e r  boundary i n  t h e  t r anson ic  regime i n  comparison t o  a s t r u c -  
t u r a l l y  similar convent iona l  wing. 
Recent ly ,  r e f e rence  4 presented  a method f o r  so lv ing  t h e  f u l l  p o t e n t i a l  
equat ion  by a time marching f i n i t e  d i f f e rence  technique .  The method was a quas i -  
conserva t ive  scheme t o  cap tu re  shock wave motion p rope r ly .  The c a p a b i l i t y  of  
t h e  method f o r  t r e a t i n g  a s u p e r c r i t i c a l  a i r f o i l  s e c t i o n  was wel l  demonstrated 
by numerical  examples i n  r e fe rence  4 .  
i o r  o f  unsteady aerodynamic load ings  was at tempted,  however. Since the super- 
c r i t i c a l  t r anson ic  flow f i e l d  ( e s p e c i a l l y  about  s u p e r c r i t i c a l  a i r f o i l  s e c t i o n s )  
is s e n s i t i v e  t o  changes o f  free-stream Mach number and ang le  o f  a t tack,  a con- 
siderable e f f e c t  o f  these parameters  on t h e  behavior  of unsteady aerodynamic 
load ings  is expected.  I n  t h i s  paper ,  the method of  r e fe rence  4 is app l i ed  i n  
an i n v e s t i g a t i o n  o f  the behavior  of  unsteady aerodynamic loadings  on o s c i l l a t i n g  
a i r f o i l s  ( i nc lud ing  s u p e r c r i t i c a l  a i r f o i l s ) .  P a r t i c u l a r  emphasis is given t o  
the effects o f  mean ang le  o f  a t t a c k ,  f ree-s t ream Mach number, reduced  frequency,  
and a i r f o i l  shape. 
No sys temat ic  i n v e s t i g a t i o n  o f  the behav- 
The items i n v e s t i g a t e d  i n  t h e  p re sen t  paper can be summarized as fo l lows:  
( a )  Behavior o f  unsteady aerodynamic load ings  on s u p e r c r i t i c a l  a i r f o i l s  a t  
design and of f -des ign  cond i t ions .  
(b)  Comparison of unsteady aerodynamic f o r c e s ,  p i t c h i n g  moments, and 
d i s t r i b u t i o n s  between a s u p e r c r i t i c a l  a i r fo i l  and a convent iona l  a i r f o i l .  
( c )  Effect o f  mean a n g l e  of a t t a c k  on unsteady load  d i s t r i b u t i o n s  on 
s u p e r c r i t i c a l  a i r f o i l .  
( d )  Behavior of h ighe r  harmonics of unsteady aerodynamic load ings .  
SYMBOLS 
harmonic component o f  to ta l  l i f t  c o e f f i c i e n t  or pitching-moment 
f i c i e n t  ( n  = 0 ,  1, . . ., N) 
harmonic component of p re s su re  loading  c o e f f i c i e n t  ( n  = 0 ,  1, . 
semichord 
l i f t  c o e f f i c i e n t  
first harmonic of l i f t  c o e f f i c i e n t  pe r  u n i t  8 
pitching-moment c o e f f i c i e n t  taken 
first harmonic o f  pitching-moment 
about  midchord ( p o s i t i v e  nose 
c o e f f i c i e n t  p e r  u n i t  8 
p re s su re  c o e f f i c i e n t ,  P - Pw 
2 pwvw 1 2 
pres su re  c o e f f i c i e n t  a t  son ic  cond i t ion  
p r e s s u r e  load ing  c o e f f i c i e n t  (ACp = C k  - C:) 
in-phase component o f  t h e  first harmonics o f  t h e  
c o e f f i c i e n t  pe r  u n i t  8 and 6 ,  r e s p e c t i v e l y  
out-of-phase component of  the  first harmonics o f  
c o e f f i c i e n t  p e r  u n i t  8 and 6 ,  r e s p e c t i v e l y  
load  
a 
coef -  
. ., N) 
UP 1 
p r e s s u r e  load ing  
t h e  p re s su re  load ing  
reduced frequency,  bw/Vw 
l i f t  
Mach number 
h i g h e s t  harmonic 
n t h  harmonic ( 1 ,  2 ,  3,  . . ., N) 
p r e s s u r e  
time, seconds 
d imens ionless  time, (V,/b)T 
t o t a l  v e l o c i t y  
coord ina te  i n  chordwise d i r e c t i o n  normalized by b and measured from 
m i  dc hord 
ang le  of  a t t a c k  
mean ang le  of attack 
ang le  of  c o n t r o l  s u r f a c e  ( f l a p )  d e f l e c t i o n  
ampli tude o f  p i t c h i n g  o s c i l l a t i o n ,  r a d i a n s  
d e n s i t y  
phase a n g l e  between t o t a l  l i f t  and p i t c h i n g  moment, r e s p e c t i v e l y ,  and 
displacement  i n  p i t c h i n g  o s c i l l a t i o n ,  p o s i t i v e  f o r  t o t a l  l i f t  or 
p i t c h  ing  -momen t lead ing  displacement  
c i r c u l a r  f requency 
magnitude 
S u b s c r i p t s :  
t s tagna  t i o n  cond i t ion  
W free-stream c o n d i t i o n  
S u p e r s c r i p t s  : 
U , L  upper and lower s u r f a c e  o f  a i r f o i l  
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RESULTS FOR A NACA 64A006 AIRFOIL WITH AN OSCILLATING FLAP 
Comparisons between the  p r e s e n t  f u l l  p o t e n t i a l  c a l c u l a t i o n  and t h e  i n v i s -  
c i d  r e s u l t s  obtained by us ing  t h e  Euler  equat ions  i n  r e fe rence  5 (Magnus and 
Yoshihara) are presented  i n  t h i s  s e c t i o n .  The case considered i s  a NACA 64A006 
a i r f o i l  w i t h  o s c i l l a t i n g  quarter-chord f l a p  a t  M, = 0.875 and k 0.234. 
Comparisons o f  the  s t eady  p res su re  d i s t r i b u t i o n s  f o r  t h e  two c a l c u l a t i o n s  
are shown i n  f i g u r e  1. For r e fe rence ,  experimental  r e s u l t s  from re fe rence  6 
(Tijdeman and Schippers)  are a l s o  shown. The agreement between the  p re sen t  f u l l  
p o t e n t i a l  c a l c u l a t i o n  and the exac t  i n v i s c i d  r e s u l t  is s a t i s f a c t o r y .  The d i s -  
crepancy between experiment and c a l c u l a t i o n s  can p o s s i b l y  be a t t r i b u t e d  t o  t he  
wind-tunnel w a l l  i n t e r f e r e n c e  and boundary-layer effects  as d iscussed  i n  
r e f e r e n c e  7.  
Comparisons of  unsteady p res su re  d i s t r i b u t i o n s  between the  two c a l c u l a t i o n s  
are shown i n  f i g u r e s  2(a)  t o  2 ( d )  f o r  upper and lower s u r f a c e  p r e s s u r e s  a t  two 
d i f f e r e n t  phases o f  t h e  o s c i l l a t i o n  o f  t he  quarter-chord f l a p .  Although t h e  
p r e s e n t  f u l l  p o t e n t i a l  c a l c u l a t i o n  p r e d i c t s  a s l i g h t l y  s t r o n g e r  shock wave than  
t h a t  o f  the  exac t  r e s u l t ,  the  o v e r a l l  agreement between the  two c a l c u l a t i o n s  is 
good. The p r e d i c t i o n  o f  t h e  s t ronge r  shock wave by t h e  p r e s e n t  method is rea- 
sonable  because t h e  shock jump r e l a t i o n  o f  the  f u l l  p o t e n t i a l  equat ion  g i v e s  a 
s t r o n g e r  shock wave than t h a t  of the  Rankine-Hugoniot shock jump r e l a t i o n  
( r e f .  8 ) .  The same degree o f  agreement between the  two c a l c u l a t i o n s  was 
obta ined  f o r  o the r  phases of  the  f l a p  o s c i l l a t i o n .  
In-phase and out-of-phase components o f  t h e  unsteady load d i s t r i b u t i o n s  
f o r  the  same case are compared w i t h  experimental  r e s u l t s  obtained from refer- 
ence 6 i n  f i g u r e s  3 ( a )  and 3 ( b ) .  Although q u a l i t a t i v e  agreement between t h e  
c a l c u l a t i o n  and experiment is good, there is some q u a n t i t a t i v e  discrepancy.  
Reference 7 pointed o u t  t h a t  the  discrepancy between c a l c u l a t i o n s ,  inc luding  
t h e  boundary-layer c o r r e c t i o n  and experimental  r e s u l t s ,  can be g r e a t l y  reduced 
i f  t h e  nominal free-stream Mach number of t h e  experiment (0.875) is  reduced t o  
0.850 t o  a l low f o r  t h e  wind-tunnel w a l l  i n t e r f e r e n c e .  
Although the  p re sen t  computer code is not  capable  o f  t r e a t i n g  t h e  boundary- 
l a y e r  e f f e c t ,  t h e  discrepancy between t h e  c a l c u l a t i o n  and experiment i n  fig- 
u r e s  3 ( a )  and 3 ( b )  can be reduced by a d j u s t i n g  t h e  free-stream Mach number ( o f  
t h e  c a l c u l a t i o n )  so t h a t  t h e  t h e o r e t i c a l  shock p o s i t i o n  o f  the  mean s t eady  flow 
comes as c l o s e  as p o s s i b l e  t o  the  experimental  shock p o s i t i o n  obtained a t  
M, = 0.875. 
theory and experiment is obtained a t  M, = 0.860 rather than a t  M, = 0.850 
obtained i n  r e f e r e n c e  7 ,  as shown i n  f i g u r e  4.  
r e s u l t s  are compared wi th  the  experimental  r e s u l t s  from re fe rence  6 i n  f ig-  
u r e s  5 ( a )  and 5 ( b ) .  The agreement between the  two r e s u l t s  is  markedly improved. 
T h i s  r e s u l t  i n d i c a t e s  t h a t  t he  mismatch o f  the  shock p o s i t i o n  between t h e  calcu-  
l a t i o n  and experiment is the  predominant f a c t o r  i n  t h e  disagreement o f  the  load 
d i s t r i b u t i o n  between the theory and experiment shown i n  f i g u r e s  3 ( a )  and 3 ( b ) .  
The c l o s e s t  agreement o f  t h e  s t eady  shock p o s i t i o n  between the  




RESULTS FOR A SUPERCRITICAL AIRFOIL OSCILLATING I N  PITCH 
AT DESIGN AND OFF-DESIGN CONDITIONS 
Ca lcu la t ions  o f  s t eady  p res su re  d i s t r i b u t i o n s  and unsteady load d i s t r i b u -  
t i o n s  were performed f o r  the 70-10-13 s u p e r c r i t i c a l  a i r f o i l  o f  r e fe rence  9 f o r  
three d i f f e r e n t ,  flow cond i t ions :  
Case 1: M, = 0.71, a m  = Oo ( o f f  des ign)  
Case 2: M, = 0.70, % = Oo (des ign)  
Case 3:  M, = 0.68, a m  = l o  ( o f f  des ign)  
The s teady p res su re  d i s t r i b u t i o n  f o r  each case is shown i n  f i g u r e  6 ( a ) .  The 
c a l c u l a t i o n s  f o r  unsteady load  d i s t r i b u t i o n s  corresponding t o  these  s teady  flow 
cond i t ions  were performed f o r  t h e  a i r f o i l  o s c i l l a t i n g  i n  p i t c h  about  t h e  mid- 
chord a x i s  wi th  an  ampli tude o f  10 a t  t h e  reduced frequency of 0.10. The 
unsteady load d i s t r i b u t i o n  ( t h e  first harmonic) f o r  each case is shown i n  f ig-  
u r e  6 ( b ) .  The in-phase and out-of-phase components are shown by t h e  s o l i d  l i n e  
and the dashed l i n e ,  r e s p e c t i v e l y  . 
Examination of  v a r i a t i o n  o f  t h e  in s t an taneous  p re s su re  d i s t r i b u t i o n s 1  dur- 
ing  the cyc le  o f  o s c i l l a t i o n  f o r  these three cases r e v e a l s  t h a t  t he  p a t t e r n s  of  
t h e  unsteady shock wave motion on t h e  upper s u r f a c e  are very d i f f e r e n t  f o r  each 
case. I n  case 1 ,  the  r e l a t i v e l y  s t rong  shock wave o s c i l l a t e s  around i ts  mean 
p o s i t i o n  with r e l a t i v e l y  small excurs ion  ampli tude (about  4 percent  of  t h e  
chord)  during t h e  cyc le  o f  t h e  o s c i l l a t i o n .  I n  case 2 ,  a r e l a t i v e l y  weak shock 
wave appears  and d i sappea r s  dur ing  t h e  cyc le  of  the  o s c i l l a t i o n  i n  t h e  neighbor- 
hood o f  the p a r t  of  t he  a i r f o i l  where the l o c a l  supersonic  region o f  t h e  mean 
s teady  flow t e rmina te s .  I n  case 3,  as d iscussed  l a t e r  i n  d e t a i l ,  the  r e l a t i v e l y  
weak shock wave on t h e  upper su r face  o s c i l l a t e s  back and f o r t h  w i t h  large excur- 
s i o n  ampli tude over t h e  forward p a r t  of  t h e  a i r f o i l  dur ing  the  cyc le  of  t he  
o s c i l l a t i o n .  
I n  f i g u r e  6 ( b ) ,  the  d i f f e r e n c e s  i n  the  unsteady shock wave motion between 
these three cases are c l e a r l y  reflected i n  the unsteady load d i s t r i b u t i o n s .  I n  
case  1 ,  the r e l a t i v e l y  s t rong  shock wave causes  a peak va lue  near  the  three- 
quarter-chord p o i n t  f o r  both the in-phase and out-of-phase components whereas 
such a peak va lue  caused by the  shock wave is  no t  observed i n  t h e  load d i s t r i -  
bu t ion  f o r  case 2. I n  case 3 ,  a bulge appears  i n  t h e  p re s su re  d i s t r i b u t i o n  on 
the f r o n t  p a r t  of  the  a i r f o i l .  Comparison of  t he  f u l l  p o t e n t i a l  unsteady load 
d i s t r i b u t i o n  f o r  case 3 wi th  tha t  o f  f l a t - p l a t e  theory  (see f i g .  7 )  i n d i c a t e s  
tha t  t h i s  bulge c o n t r i b u t e s  cons iderably  t o  t h e  unsteady t o t a l  l i f t  and p i t ch ing -  
moment d e r i v a t i v e s .  Examination of t h e  v a r i a t i o n  o f  i n s t an taneous  p re s su re  d i s -  
t r i b u t i o n s  during a cyc le  o f  o s c i l l a t i o n ,  shown i n  f i g u r e s  8(a)  t o  8 ( d ) ,  r e v e a l s  
t h a t  the  formation of  t h i s  bulge is c l o s e l y  a s soc ia t ed  w i t h  a shock wave on t h e  
upper s u r f a c e  which o s c i l l a t e s  back and f o r t h  w i t h  r e l a t i v e l y  l a r g e  excurs ion  
ampli tude.  The formation of  such a bulge i n  t he  unsteady (upper s u r f a c e )  pres-  
TThe in s t an taneous  p re s su re  d i s t r i b u t i o n s  are shown i n  t h i s  paper only f o r  
. . . . . - - . . . . . - _  . 
case 3 (see f ig .  8 ) .  
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I 
s u r e  d i s t r i b u t i o n  was a l s o  observed exper imenta l ly  i n  r e fe rence  2 on a NLR 7301 
"shock free" a i r f o i l  o s c i l l a t i n g  i n  p i t c h  a t  the  des ign  cond i t ion .  
COMPARISON OF RESULTS FOR SUPERCRITICAL AND CONVENTIONAL 
AIRFOILS OSCILLATING I N  PITCH 
According t o  t h e  r e c e n t  experimental  s tudy  of r e fe rence  3 ,  a wing w i t h  a 
s u p e r c r i t i c a l  a i r f o i l  experienced a more pronounced d i p  of a f l u t t e r  boundary 
than a s t r u c t u r a l l y  similar convent iona l  wing. Unsteady aerodynamic f o r c e s  are 
c l e a r l y  r e spons ib l e  for  t h i s  phenomenon. Therefore ,  t he  d i f f e r e n c e  o f  t he  
unsteady aerodynamic d e r i v a t i v e s  and aeradynamic load ings  between t h e  two air-  
f o i l s  w a s  i n v e s t i g a t e d .  For t h i s  purpose a 79-03-12 s u p e r c r i t i c a l  a i r f o i l  
(ref. 9 ,  Bauer e t  a l . )  and a NACA 0012 convent iona l  a i r f o i l  were selected. 
Both a i r f o i l s  have the  same r a t i o  o f  t h i ckness  t o  chord. I n  f i g u r e  9 ,  t h e  
s t eady  p res su re  d i s t r i b u t i o n  c a l c u l a t e d  on the 79-03-12 a i r f o i l  f o r  the des ign  
cond i t ion  o f  M, = 0.79 and c1 = Oo is compared with t h e  design p res su re  d i s -  
t r i b u t i o n  from re fe rence  9. The agreement between the  p r e s e n t  c a l c u l a t i o n  and 
t h e  design p res su re  d i s t r i b u t i o n  is s a t i s f a c t o r y .  I n  f i g u r e  10, t h e  s t eady  
p res su re  d i s t r i b u t i o n s  o f  each a i r f o i l  a t  three d i f f e r e n t  free-stream Mach num- 
b e r s  f o r  an ang le  o f  attack o f  Oo are shown. 
a l s o  been performed f o r  these three Mach numbers. The a i r f o i l s  were considered 
t o  be o s c i l l a t i n g  i n  p i t c h  about  the  midchord axis  w i t h  an ampli tude o f  l o  a t  a 
reduced frequency of 0.10. 
The unsteady c a l c u l a t i o n s  have 
The magnitudes and phase ang le s  o f  t h e  unsteady l ift (first  harmonic) and 
p i t c h i n g  moment (first harmonic) f o r  both a i r f o i l s  are shown i n  f i g u r e s  I l ( a )  
and I l ( b ) ,  r e s p e c t i v e l y .  With the  except ion  o f  t h e  M, 0.75 case, t h e  mean 
a n g l e  o f  attack was Oo f o r  a l l  c a l c u l a t i o n s .  A t  M, = 0.75, r e s u l t s  were a l s o  
computed f o r  an ang le  o f  at tack o f  l o  t o  i l l u s t r a t e  the  effect  o f  t h e  mean ang le  
o f  at tack. The va lues  p red ic t ed  by the  f l a t - p l a t e  theory  are a l s o  presented  i n  
t h e  same f i g u r e s  f o r  comparison. The unsteady load  d i s t r i b u t i o n s  (in-phase and 
out-of-phase components o f  t h e  first harmonic),  which correspond wi th  t h e  s teady  
f lows shown i n  f i g u r e  10, are compared i n  f i g u r e s  12 (a )  t o  12 (c )  a t  each Mach 
number. For the unsteady l i f t  (see f ig .  l l ( a > ) ,  t he  d i f f e rence  between t h e  two 
a i r f o i l s  is s u r p r i s i n g l y  small. However, t h i s  apparent  agreement o f  t h e  t o t a l  
l ifts is rather f o r t u i t o u s .  A s  shown i n  f i g u r e s  1 2 ( a )  t o  1 2 ( c ) ,  t h e r e  is a con- 
s i d e r a b l e  d i f f e r e n c e  i n  t h e  load  d i s t r i b u t i o n  between the  two a i r f o i l s  except  
those  o f  M, = 0.70 f o r  which the flows are almost  s u b c r i t i c a l .  T h i s  d i s s i m i -  
l a r i t y  i n  t h e  load  d i s t r i b u t i o n  between t h e  two a i r f o i l s  i s  r e f l e c t e d  by t h e  
d i f f e r e n c e  i n  p i t c h i n g  moment (about  midchord a x i s ) ,  which becomes greater as 
t h e  Mach number is inc reased  as shown i n  f i g u r e  l l ( b ) .  
f i g u r e s  l l ( a )  and l l ( b )  t h a t  the change of t h e  mean ang le  o f  a t t a c k  affects  the  
unsteady l i f t  and moment d i f f e r e n t l y  between t h e  two a i r f o i l s .  I n  f i g u r e  12 (c )  
t h e r e  is st i l l  a cons ide rab le  nonl inear  t h i ckness  effect  on t o t a l  l i f t  and 
p i t c h i n g  moment a t  even though t h e  flow is  almost  s u b c r i t i c a l .  
This  effect can be confirmed by comparing load d i s t r i b u t i o n s  f o r  t h e  nonl inear  
r e s u l t s  w i t h  f l a t - p l a t e  theory.  
It i s  a l s o  observed i n  
M, = 0.70 
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RESULTS FOR EFFECT OF MEAN ANGLE OF ATTACK FOR A 
SUPERCRITICAL AIRFOIL OSCILLATING I N  PITCH 
Mean ang le  o f  a t t a c k  was shown t o  affect  both t h e  unsteady t o t a l  lift and 
p i t c h i n g  moment f o r  t h e  79-03-12 and NACA 0012 a i r f o i l s  ( f igs .  l l ( a )  and ll(b)). 
Angle-of-attack effects  are, t h e r e f o r e ,  examined more c l o s e l y  f o r  t h e  74-03-12 
a i r f o i l .  I n  f i g u r e  13, s t eady  p res su re  d i s t r i b u t i o n s  f o r  t h e  79-03-12 super- 
c r i t i c a l  a i r f o i l  a t  M = 0.75 a t  two d i f f e r e n t  angles o f  a t t a c k  ( O o  and lo)  
are shown. 
leading-edge reg ion  wi thout  shock wave, whereas a t  CY = l o  t h e  l o c a l  supersonic  
reg ion  on t h e  upper s u r f a c e  is inc reased ,  being terminated with a weak shock 
wave near  t h e  40-percent-chord po in t .  
A t  CY = OoT t h e  s teady  flow is s l i g h t l y  s u p e r c r i t i c a l  near  t h e  
For unsteady c a l c u l a t i o n s  t h e  a i r f o i l  is o s c i l l a t e d  i n  p i t c h  with an  ampli- 
tude  o f  l o  a t  k = 0.10 about  t hese  d i f f e r e n t  mean ang le s  o f  a t t a c k  ( O o  and lo) .  
The in-phase and out-of-phase components ( t h e  first harmonic) of  the  unsteady 
load d i s t r i b u t i o n s  corresponding t o  these  two d i f f e r e n t  mean ang le s  of' a t t a c k  
are compared i n  f igure 14 .  The mean ang le  of  a t t a c k  has  a s t r i k i n g  effect. 
Such a d i f f e r e n c e  i n  the load d i s t r i b u t i o n  comes from the  d i f f e r e n c e  o f  t h e  
unsteady shock wave p a t t e r n  i n  the  two cases .  
shock wave does not  appear during the  cyc le  o f  o s c i l l a t i o n ,  whereas f o r  t h e  
case  o f  CY = l o ,  t h e  r e l a t i v e l y  weak shock wave o s c i l l a t e s  back and f o r t h  over  
t h e  forward po r t ion  o f  the upper su r face  o f  t he  a i r f o i l .  This  behavior  is evi -  
dent  i n  the v a r i a t i o n  o f  t he  in s t an taneous  p re s su re  d i s t r i b u t i o n  shown i n  
f i g u r e  15. 
For t h e  case o f  am = Oo,  t h e  
RESULTS FOR HIGHER HARMONICS OF LOADING 
ON AIRFOILS OSCILLATING I N  PITCH 
I n  t r anson ic  f low,  effects  of  t h e  shock wave displacement cause nonsinusoi- 
d a l  v a r i a t i o n s  i n  t h e  l o c a l  p r e s s u r e s  on some p a r t s  of  t h e  a i r f o i l .  I n  t h i s  
s e c t i o n ,  t h e  chordwise d i s t r i b u t i o n s  of  h igher  h,armonic components of  unsteady 
aerodynamic load ings  on two d i f f e r e n t  a i r f o i l s  which e x h i b i t  d i f f e r e n t  unsteady 
shock wave p a t t e r n ,  are examined. The first case considered is t h e  79-03-12 
s u p e r c r i t i c a l  a i r f o i l  o s c i l l a t i n g  i n  p i t c h  about  t h e  midchord a x i s  a t  
and k = 0.10. The mean ang le  o f  a t t a c k  and t h e  ampli tude o f  t h e  o s c i l l a t i o n  
are both lo .  The s t eady  p res su re  d i s t r i b u t i o n  f o r  t h i s  case i s  shown i n  f ig-  
u re  1 3 ( b ) .  The in s t an taneous  p r e s s u r e s  f o r  t h e  o s c i l l a t i n g  case are shown i n  
f i g u r e s  15(a) to 1 5 ( d ) .  The r e l a t i v e l y  weak shock wave o s c i l l a t e s  around t h e  
40-percent-chord p o i n t  w i t h  r e l a t i v e l y  large shock excurs ion  ampli tude (about  
25-percent chord) .  The shock wave changes i t s  s t r e n g t h  cons iderably  dur ing  t h e  
cyc le  o f  o s c i l l a t i o n  ( t h e  shock wave d i sappea r s  a t  i ts  maximum upstream p o s i t i o n  
as seen i n  f ig .  1 5 ( d ) ) .  
M, = 0.75 
Harmonic a n a l y s i s  o f  t he  time-varying load  d i s t r i b u t i o n s  was made. The 
r e s u l t i n g  c o e f f i c i e n t s  of the harmonics are used t o  define 
i n g  equat ion:  
ACp i n  t h e  follow- 
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N _. 
ACp = a0  + 8 [an cos ( n k t )  + bn s i n  (nkt)]  
n= 1 
The chordwise d i s t r i b u t i o n s  o f  bn (n  = 1, 2 ,  3 )  and an (n = 1 ,  2 ,  3 )  are 
p l o t t e d  i n  f i g u r e s  1 6 ( a )  and 16 (b ) ,  r e s p e c t i v e l y .  I n  t h e s e  f i g u r e s ,  two char- 
acterist ics of t he  h ighe r  harmonics (n  = 2 ,  3) are e v i d e n t .  F i r s t ,  t h e  r eg ion  
where the  magnitudes o f  the higher harmonics are a p p r e c i a b l e  i s  confined t o  the  
p o r t i o n  of t h e  a i r f o i l  over  which t h e  shock wave o s c i l l a t e s  back and f o r t h  (see 
f igs .  15(a) t o  1 5 ( d ) ) .  Second, t h e  h igher  harmonics e x h i b i t  a wavy p a t t e r n  i n  
t h e  chordwise d i r e c t i o n .  A s  t h e  s i m p l i f i e d  model used i n  r e fe rence  2 shows, 
the ex i s t ence  of the wavy p a t t e r n  o f  t h e  h igher  harmonics is t h e  n a t u r a l  conse- 
quence o f  the  excurs ion  of t h e  sha rp  p res su re  r i se  a s s o c i a t e d  wi th  t h e  moving 
shock wave. 
To determine the  effect  o f  reduced frequency on harmonics o f  t h e  load  d i s -  
t r i b u t i o n s ,  t h e  unsteady c a l c u l a t i o n  f o r  k = 0.30 was a l s o  performed without  
changing t h e  o t h e r  flow cond i t ions .  The r e s u l t s  are shown i n  f i g u r e s  17(a)  and 
17(b) .  Some effect  o f  the  reduced frequency is observed on both the  first har-  
monic and higher  harmonics. The reg ion  where t h e  higher  harmonics are r e l a t i v e l y  
large is decreased f o r  t h e  h igher  reduced frequency. T h i s  r e s u l t  is caused by 
a r educ t ion  i n  shock excurs ion  ampli tude a t  t h e  higher  reduced frequency. 
The second case considered is  t h a t  of  a NACA 0012 a i r f o i l  o s c i l l a t i n g  i n  
p i t c h  about  midchord a x i s  a t  M, = 0.79 and k = 0.10. The s t eady  p r e s s u r e  
d i s t r i b u t i o n  and the  v a r i a t i o n  o f  t he  in s t an taneous  p re s su re  d i s t r i b u t i o n  are 
shown i n  f i g u r e  18 and f i g u r e s  19 (a>  t o  1 9 ( d ) ,  r e s p e c t i v e l y .  The r e l a t i v e l y  
s t r o n g  shock wave o s c i l l a t e s  about  t h e  midchord p o s i t i o n  w i t h  a r e l a t i v e l y  small 
excurs ion  ampli tude (about  12-percent chord) .  The chordwise d i s t r i b u t i o n s  o f  
harmonic components bn (n = 1 ,  2 ,  3) and an (n  = 1 ,  2 ,  3 )  o f  t he  load ing  are 
shown i n  f i g u r e s  20(a)  and 2 0 ( b ) ,  r e s p e c t i v e l y .  Again, the  reg ion  where t h e  
h igher  harmonics are apprec iab le  is confined t o  the  p a r t  o f  t h e  a i r f o i l  over 
which t h e  shock wave excurs ion  occurs .  The higher harmonics d i f fe r  from t h e  
previous  case because the  magnitude of t h e  second and t h i r d  harmonics (b2,  
a2 ,  and 
of t he  first harmonics ( b l  
ing  shock wave. 
b3 ,  
a 3 )  is  r e l a t i v e l y ' s m a l l  i n  comparison w i t h  t he  very large peak va lues  
and a l )  observed i n  t h e  reg ion  near  t h e  o s c i l l a t -  
A s  pointed o u t  i n  r e fe rence  2 ,  the c o n t r i b u t i o n  o f  h igher  harmonic compo- 
nents  t o  t h e  unsteady t o t a l  l i f t  and p i t c h i n g  moment might  be r e l a t i v e l y  small 
i n  comparison w i t h  t h e  c o n t r i b u t i o n  o f  the first harmonic because of  the i r  wavy 
chordwise d i s t r i b u t i o n s .  This  r e s u l t  can be confirmed i n  table I where harmonic 
components of the t o t a l  l i f t  and p i t c h i n g  moment f o r  both cases (79-03-12 
s u p e r c r i t i c a l  a i r f o i l  and NACA 0012) are shown. 
( n  = 0 ,  1 ,  2 ,  3) and Bn (n = 1, 2 ,  3) o f  the  t o t a l  l i f t  and p i t c h i n g  moment 
are def ined  by the  fo l lowing  equat ion:  
The harmonic components An 
N CL 
or = A0 + 8 
%I n= 1 
[An cos  ( n k t )  + Bn s i n  (nkt ) ]  
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' The magnitude of t h e  h igher  harmonic components is less than 8 percent  o f  t h e  
first harmonic components f o r  case 1 and less than  2 pe rcen t  o f  t h e  f i r s t  har -  
monic components f o r  case 2. 
CONCLUDING REMARKS 
A numerical s tudy has  been performed t o  i n v e s t i g a t e  t h e  behavior  o f  the  
unsteady aerodynamic f o r c e s  and moments, load  d i s t r i b u t i o n s ,  and p res su re  d i s -  
: t r i b u t i o n s  on a i r f o i l s  ( i nc lud ing  s u p e r c r i t i c a l  a i r f o i l s )  o s c i l l a t i n g  i n  a 
. t r anson ic  flow. P a r t i c u l a r  emphasis has  been placed on t h e  e f f e c t  o f  free- 
; stream Mach number, mean ang le  of  a t tack,  and reduced frequency. It has been 
shown t h a t  t h e s e  parameters  have a s i g n i f i c a n t  effect  on t h e  behavior  o f  t h e  
I unsteady aerodynamic load ings .  Genera l ly ,  t h e  change of t h e  parameters  pro- 
+ duced a d i f f e r e n t  p a t t e r n  of t h e  unsteady shock wave motion, which played t h e  
predominant r o l e  i n  determining t h e  unsteady aerodynamic load  d i s t r i b u t i o n s .  
S ince  t h e  p r e s e n t  resul ts  are based on t h e  i n v i s c i d  f low c a l c u l a t i o n s ,  t h e  
p o t e n t i a l l y  important  effect  of  t h e  boundary l a y e r  has been neglec ted .  However, 
good agreement f o r  t h e  unsteady load  d i s t r i b u t i o n s  between c a l c u l a t i o n  and exper- 
iment was obtained by a d j u s t i n g  t h e  free-stream Mach number so t h a t  t h e  t h e o r e t i -  
cal  and experimental  s teady  shock p o s i t i o n s  are i n  agreement. Thus, t h e  i n v i s -  
c i d  flow appears  t o  play a dominant r o l e  i n  determining t h e  behavior of  t h e  
unsteady aerodynamic load ings  as long as t h e  boundary l a y e r  remains a t t ached .  
Although t h e  i n c l u s i o n  of t h e  boundary-layer effect  is obviously necessary ,  t h e  
p re sen t  r e s u l t s ,  based on t h e  i n v i s c i d  flow c a l c u l a t i o n s ,  g i v e  i n s i g h t  i n t o  t h e  
unsteady t r a n s o n i c  aerodynamics of  o s c i l l a t i n g  a i r f o i l s .  
Langley Research Center 
Nat ional  Aeronaut ics  and Space Adminis t ra t ion 
Hampton, VA 23665 
January 17, 1978 
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T A B L E  I.- HARMONIC COMPONENTS O F  UNSTEADY T O T A L  LIFT AND P I T C H I N G  MOMENT 
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Figure 1 . -  Steady pressure  d i s t r i b u t i o n s  f o r  NACA 64A006 a i r f o i l .  
M 03 = 0.875; 01 = Oo. 
-4r Magnus and Yoshihara (ref. 5) 
(Euler equations) 
--e-- Present (full potential) 
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( a >  Upper s u r f a c e ;  k t  = 300. 
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Present (full potential 1 
(Eu ler equations 1 
6 = 0' t 1' sin M 
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( b )  Lower s u r f a c e ;  k t  = 30°. 
5) 
Figure 2.- Unsteady p res su re  d i s t r i b u t i o n s  on NACA 648006 a i r f o i l  
with o s c i l l a t i n g  quarter-chord f l a p .  M, = 0.875; k = 0.234. 
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( d )  Lower s u r f a c e ;  kt = 150°. 
Figure 2.- Concluded. 
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(b) Out-of-phase component. 
F igure  3 . -  T h e o r e t i c a l  and experimental  unsteady load  d i s t r i b u t i o n s  
(first harmonic) on NACA 648006 a i r f o i l  wi th  o s c i l l a t i n g  f l a p .  
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Figure 4.- Theore t i ca l  and experimental  s teady  
NACA 64A006 a i r f o i l .  
p re s su re  d i s t r i b u t i o n s  on 
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(a )  In-phase component. 
P r e s e n t  c a l c u l a t i o n  
Exper iment  ff i j deman a n d  Schippers,  
ref. 6; M, = 0.875; k = 0.234) 
(M, = 0.860; k = 0.234) 
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( b )  Out-of-phase component. 
6 = 0' +lo sin kt 
Present  ca l cu la t i on  
Exper iment K i j d e m a n  a n d  Schippers,  
ref. 6; Mw = 0.875; k = 0.234) 
(Moo = 0.860; k = 0.234) 
Figure  5.- T h e o r e t i c a l  and exper imenta l  unsteady load  d i s t r i b u t i o n s  
( f i r s t  harmonic) on NACA 64A006 a i r f o i l  w i th  o s c i l l a t i n g  f l a p .  
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( b )  Unsteady load d i s t r i b u t i o n .  
Figure 6.- Steady p res su re  d i s t r i b u t i o n s  and corresponding unsteady load d i s t r i -  
bu t ions  on 70-10-13 s u p e r c r i t i c a l  a i r f o i l  o s c i l l a t i n g  i n  p i t c h  a t  des ign  and 
off-design cond i t ions .  
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Figure 7.- Calculated unsteady load d i s t r i b u t i o n s  on 70-10-13 s u p e r c r i t i c a l  air-  
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Figure 8.- Unsteady p res su re  d i s t r i b u t i o n  on 70-10-13 super-  
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Figure 9 . -  Steady pressure  d i s t r i b u t i o n  on 79-03-12 s u p e r c r i t i c a l  a i r f o i l  i n  
design condi t ion .  MOD 0.79; a = Oo. 
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Figure 10 .- Steady pressure d i s t r i b u t i o n s  on 79-03-12 s u p e r c r i t i c a l  a i r f o i l  




8r ____- - - - -  a?----- - 
8 8 e 
----- Flat -plate theory br 
l C L S i  
0 (am = 0'1, # (a = 1') : 79-03-12 airfoil m 
o (a = oO), 0 (a = 1') : NACA 0012 airfoil m m 
0 .70 .75 .80 
M 
( a )  Unsteady lift c o e f f i c i e n t .  
Figure 11 .- Magnitude and phase angle  (first harmonic) of l i f t  and p i t ch ing  
moment on o s c i l l a t i n g  79-03-12 s u p e r c r i t i c a l  a i r f o i l  and NACA 0012 air-  
f o i l .  k = 0.10; ~1 = Clm + l o  s i n  k t .  
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Figure 12.- Comparison of unsteady load d i s t r i b u t i o n s  on 79-03-12 s u p e r c r i t i c a l  
a i r f o i l  and NACA 0012 a i r f o i l .  a = Oo + 10 s i n  k t .  
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Figure 12.- Concluded. 
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Figure 13 .- Steady pressure d i s t r i b u t i o n s  on 79-03-12 s u p e r c r i t i c a l  a i r f o i l  




Figure 14.- The effect of mean angle of attack on unsteady load distribution 
on 79-03-12 supercritical airfoil oscillating in pitch about midchord axis. 
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Figure  15.- Unsteady p res su re  d i s t r i b u t i o n  on 79-03-12 s u p e r c r i t i c a l  
a i r f o i l  o s c i l l a t i n g  i n  p i t c h  about  midchord a x i s  a t  
and k = 0.10; cx z l o  + 10 s i n  k t .  
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Figure 16.- Chordwise d i s t r i b u t i o n s  of harmonic components of unsteady pressure 
loadings on 79-03-12 s u p e r c r i t i c a l  a i r f o i l  o s c i l l a t i n g  i n  p i t ch  about mid- 
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Figure 17.- Chordwise d i s t r i b u t i o n  of  harmonic components o f  unsteady pressure  
loadings on 79-03-12 s u p e r c r i t i c a l  a i r f o i l  o s c i l l a t i n g  i n  p i t c h  about mid- 






m 5  
1.0 
1. 5 
-1.0 -. 5 0 
X 
m 5  1 .o 
Figure  18.- Steady p r e s s u r e  d i s t r i b u t i o n  on NACA 0012 a i r f o i l .  
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Figure 19.- Unsteady pressure  d i s t r i b u t i o n  on NACA 0012 o s c i l l a t i n g  i n  p i t c h  
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Figure 20.- Chordwise d i s t r i b u t i o n  of harmonic components o f  unsteady p res su re  
loadings  on NACA 0012 a i r f o i l  o s c i l l a t i n g  i n  p i t c h  about midchord a x i s  a t  
M, = 0.79 and k = 0.10; c1 = Oo + l o  s i n  k t .  
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